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Abstract Heterospecific neighbors may reduce damage
to a focal plant by lowering specialist herbivore loads
(associational resistance hypothesis), or enhance damage
by increasing generalist herbivore loads (associational
susceptibility hypothesis). We tested the associational
effects of tree diversity on herbivory patterns of the tropical
focal tree Tabebuia rosea in an experimental plantation
setup, which contained tree monocultures and mixed
stands. We found higher herbivore damage to T. rosea at
higher tree diversity, indicating that T. rosea did not benefit
from associational resistance but rather experienced asso-
ciational susceptibility. The specific consideration of
the two dominant insect herbivore species of T. rosea, the
specialist chrysomelid Walterianella inscripta and the
specialist pyralid Eulepte gastralis, facilitated understand-
ing of the detected damage patterns. Tree diversity exerted
opposite effects on tree infestation by the two herbivores.
These findings point to resource concentration effects for
the chrysomelid beetle (favored by tree monoculture) and
to resource dilution effects for the pyralid caterpillar
(favored by tree mixture) as underlying mechanisms of
herbivore distribution. A strong contribution of the pyralid
to overall damage patterns in diversified stands suggests
that associational susceptibility may not necessarily be
related to higher abundances of generalist herbivores but
may also result from specialized herbivores affected by
resource dilution effects. Thus, the identity and biology of
herbivore species has to be taken into account when
attempting to predict damage patterns in forest ecosystems.
Keywords Competitor-free space  Diet breadth  Insect
herbivory  Pasture reforestation  Tree diversity
Introduction
Vegetation complexity and characteristics of neighboring
plants may strongly affect interactions between herbivores
and a focal host plant, and specific associations can either
decrease or increase the susceptibility of plants to herbi-
vores (Agrawal et al. 2006; Lewinsohn and Roslin 2008;
Barbosa et al. 2009). Derived from these observations, the
‘associational resistance hypothesis’ predicts that a plant,
in addition to its specific morphological and chemical
defense traits (Coley and Barone 1996; Schoonhoven et al.
2005; Gutbrodt et al. 2011), might experience ‘associa-
tional resistance’ to herbivores by growing in close prox-
imity to other plant species (Tahvanainen and Root 1972).
Several factors may contribute to associational resistance,
including chemical and physical interference of neighbor-
ing plant species as well as greater abundances and
diversity of natural enemies (Hamba¨ck and Beckerman
2003). In particular, host density is predicted to have strong
effects on specialist herbivores as formulated in the
resource concentration hypothesis (Root 1973). This
hypothesis states that specialist herbivore loads increase
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with higher densities of the host plant in a given area unit,
as specialist herbivores may locate their host plant more
easily and stay longer in patches with high host plant
densities.
In contrast, the ‘associational susceptibility hypothesis’
predicts that plants in diverse stands may suffer more from
herbivore attack than plants in single-species stands
(Brown and Ewel 1987). This phenomenon is expected to
occur when the principal pests are generalist herbivores
(Jactel and Brockerhoff 2007), which benefit from the
broader diet range available in diverse plant communities
(Unsicker et al. 2008). Associational susceptibility may
also occur when the focal plant is a less-preferred host
growing in close proximity to a highly preferred host
(Atsatt and O’Dowd 1976), which allows a spill-over of
generalist herbivores after depletion of the favored host
plant (White and Whitham 2000).
Information concerning the effects of stand diversifica-
tion on insect pests mainly stems from agricultural systems
(Andow 1991; Tscharntke et al. 2005). The existing studies
accounting for forest systems reveal contrasting results,
demonstrating that mixed stands can suffer lower, higher,
or similar pest damage compared to single-species stands
(Koricheva et al. 2006; Jactel and Brockerhoff 2007;
Kaitaniemi et al. 2007; Vehvilainen et al. 2007; Plath et al.
2011b). Reflecting the opposite predictions of the hypoth-
eses on ‘associational resistance’ and ‘associational sus-
ceptibility’, these equivocal results emphasize that the net
effects of diversification in forest systems may only be
understood when the spatial arrangement of the focal plant
and characteristics of the principal herbivores are studied in
concert. Hence, the identification of the key herbivores
responsible for the damage, their level of host plant spe-
cialization, and the relative proportions of damage they
cause may improve our understanding of the mechanisms
that govern the direction of resource and associational
effects on herbivore–plant interactions in forest systems.
Information on the biology of insect pests in forest
systems can help to disentangle the causes of insect pest
outbreaks, and hence, to improve the delivery of forest
ecosystem services (Hamba¨ck and Beckerman 2003; Butler
et al. 2007; Tylianakis et al. 2007). Such information is
particularly required for Central America, where forest
plantations with native tree species are increasingly con-
sidered as an eligible strategy to mitigate the negative
impacts of deforestation and land degradation (Lamb et al.
2005; Brockerhoff et al. 2008; Hall et al. 2011). However,
although insect pests frequently impede the successful
establishment of forest plantations, the key insect species
associated with tree species native to Central America are
virtually unidentified to date (FAO 2009). To protect trees
from expected herbivore attacks, landholders often resort to
broad-spectrum pesticides (Garen et al. 2009), but until
now there is little evidence for the effectiveness of these
products under prevailing field conditions. The widespread
notion that forest monocultures are susceptible to insect
pest attacks has promoted the consideration of stand
diversification as sustainable, biodiversity-oriented strategy
to control key insect pests in forestry systems (Lamb et al.
2005; Koricheva et al. 2006 and references therein).
However, the effects of heterospecific tree associations on
infestation of a focal host tree by key herbivores have
rarely been compared to effects of monocultures or to
conventional protection by insecticides.
In the present study, we examined the effects of tree
stand diversification on leaf herbivory (associational
effects) of a focal native timber tree, Tabebuia rosea Ber-
tol. (Bignoniaceae), growing in monoculture and in three-
species mixtures in an experimental plantation setup in
Panama. Insecticide application was used in additional
treatments to achieve baseline information on reduction of
herbivore damage through conventional protection mea-
sures. We concurrently identified the principal herbivore
for each stand type, determined its level of host plant
specialization and assessed the effect of individual stand
types on the herbivores’ densities (resource effects) and on
related herbivore impact on T. rosea.
According to the described resource-related associa-
tional effects on specialist and generalist herbivores, we
expected to identify one or several specialist herbivores as
key herbivores in the monocultures. The specialist herbi-
vores were expected to accumulate in higher densities in
monocultures compared to mixed stands. We further
expected to identify one or several generalist key herbi-
vores in mixed-species stands, occurring in higher densities
in mixed stands compared to monocultures. We hypothe-
sized that specialist key herbivores contribute most to
overall damage of T. rosea in monocultures, and that
generalist herbivores are responsible for principal damage
in mixed plantings.
Specifically, we addressed the following questions: (1)
Does tree stand diversification affect herbivory of T. rosea?
(2) Does the identity of key herbivores and their level of
host specialization differ among stand types? (3) Do dif-
ferent stand types affect the densities of the specific key
herbivores and their contribution to herbivory of T. rosea?
Materials and methods
Study site and planting design
Three tree species native to Central America were planted
in an experimental planting system on former pasture in
Sardinilla, Province Colon, Central Panama (91903000N,
793800000W, elevation around 70 m a.s.l.) in August 2006
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(for details on study site, see Plath et al. 2011a). The
selected tree species were Tabebuia rosea, Anacardium
excelsum (Bertero and Balb. ex Kunth) Skeels (Anacardi-
aceae) and Cedrela odorata L. (Meliaceae). The three tree
species co-occur in natural Panamanian forest ecosystems
(Croat 1978), and are of regional economical importance
because of their suitability for reforestation activities and
as valuable timber (ITTO 2006; Wishnie et al. 2007; Van
Breugel et al. 2011).
Potted seedlings of each tree species were raised in a
PRORENA (Proyecto de Reforestacio´n con Especies Na-
tivas) nursery for 3 months before being planted on the
pasture. To support tree establishment, 15 g of 12–72–
12 N–P–K granular fertilizer was applied at the time of
planting to the bottom of each planting hole and covered
with soil before planting, and again 2 months after planting
to each seedling on the soil surface. Concomitant vegeta-
tion in the plots was trimmed with machetes to 10 cm
height every 3 months during the rainy season (average
vegetation height across plots before cutting 21 ± 5 cm) to
allow for unconstrained localization of the host trees by
insect herbivores (average tree height across plots at study
onset: T. rosea 84 ± 2 cm, A. excelsum 55 ± 2 cm,
C. odorata 46 ± 1 cm).
Seedlings of T. rosea, A. excelsum and C. odorata were
planted in stands of 36 trees, using a standardized 6 9 6
Latin square design with a planting distance of 2 m. Tree
individuals were arranged in five planting schemes: (1–3)
monocultures for all three timber species, (4) 3-species
mixed stands, and (5) 3-species mixed stands protected by
the insecticide cypermethrin (pyrethroid, Arribo EC 20 or 6
EC, 1.2 g/l spray solution; applied biweekly to the foliage)
and the insecticide/nematicide carbofuran (carbamate,
Furadan 10 GR, 5–25 g/tree depending on the effective
canopy area; applied bimonthly to the soil). The five
planting schemes were arranged at one locality, which
defined a coherent plot. This plot was replicated five times
at different locations across the study site.
Insect survey
Insect counts were conducted for all timber trees on a
biweekly basis from April 2007 (year 1) to April 2008
(year 2). No survey was conducted at the end of December
of year 1 and in the middle of February of year 2. Insect
abundance was assessed by a visual census of all insects on
a tree’s trunk and every leaf during day and night within a
24-h period. Detected individuals of adult Coleoptera and
of larval Lepidoptera were assigned to morphospecies,
which were deposited in a reference collection created on
the basis of previous survey samplings. Individuals of
species sampled for the first time, or individuals not
immediately assignable to a morphospecies, were
collected, preserved in 70% ethanol, and allocated to the
reference collection.
The sequence of planting schemes surveyed within each
plot was changed randomly. All 36 trees were sampled in
the unprotected mixed and in the insecticide-protected
mixed stands (12 individuals per tree species). In the
monoculture stands, surveys were carried out on 12 trees
for each timber species, which were randomly selected
before starting the insect assessments. To obtain planting
positions comparable to the mixed stands, six trees from
the edge and six trees from the inner area were investi-
gated. The same tree individuals were surveyed during the
whole study period. According to this sampling scheme, a
total of 540 trees were surveyed at the beginning of the
investigation, with 60 trees per species in each of the three
planting schemes containing a particular tree species. The
number of surveyed trees declined over time as a conse-
quence of tree mortality (T. rosea = 1.5%, A. excel-
sum = 30.4%, C. odorata = 54.1%), which was not
affected by planting schemes or herbivore impact (Plath
et al. 2011b). Final analyses included all trees that survived
until the end of the sampling period.
Identification of key herbivores and their feeding
specialization
Key herbivores were defined as the most abundant herbi-
vore species found for each unprotected planting scheme
on the focal host tree T. rosea. Species identification relied
on comparisons of the collected morphospecies with ref-
erence collections at Panamanian institutions (Fairchild
Museum, University of Panama, Smithsonian Tropical
Research Institute), and on consultation with experts for the
respective taxonomic groups. Key herbivores were con-
firmed to feed on T. rosea by determining their acceptance
of T. rosea in no-choice feeding experiments. Feeding tests
were conducted by offering leaf discs (18 mm diameter) of
one young and one mature leaf of the same tree individual
in a Petri dish (90 mm diameter; inlaid with a moistened
filter paper) to single individuals of the key herbivore
species for 24 h. Leaf discs were replaced 12 h after ini-
tiation of the test with fresh discs from another tree indi-
vidual. Each herbivore individual (i.e. adult Coleoptera or
larval Lepidoptera) was exclusively used for a single
feeding test.
As a measure of specialization, we determined the
acceptance of the two remaining study tree species
(A. excelsum and C. odorata) and of two tree species
occurring across the study site in the vicinity of the
experimental tree stands (Gliricidia sepium (Jacq.) Kunth
ex Walp (Fabaceae) and Guazuma ulmifolia Lam. (Ster-
culiaceae)) by the key herbivores. The studied trees belong
to five phylogenetically distant plant families in four plant
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orders (T. rosea: Scrophulariales; A. excelsum, C. odorata:
Sapindales; G. sepium: Fabales; G. ulmifolia: Malvales). In
the context of our study, we classified the key herbivores as
specialist herbivores of T. rosea when (1) they exclusively
fed on T. rosea leaves and rejected to feed on any of the
four other tree species, and (2) more than 95% of all
recorded individuals were found on T. rosea. In compari-
son, we categorized herbivores as generalists when they fed
on two or more of the five tree species (see also Basset
et al. 1996; Novotny et al. 2002; Unsicker et al. 2006). We
used this definition of specialization to assess whether the
herbivores may profit from our specific tree stand diversi-
fication design by a broadened diet range, which may apply
for species using at least two of the study trees but not for
species restricted to T. rosea.
Leaf herbivory
Leaf damage was measured at the end of the growing
season in December of year 1 and reassessed in December
of year 3 (2009). In year 1, the first 15 fully developed
leaves in the top foliage layer were selected from each
T. rosea individual and damage was quantified for the
complete mature leaves (separated into five leaflets), which
were characterized by dark green color and high toughness
compared to soft young leaves. In total, 1,862 leaves were
analyzed (monocultures: n = 642; unprotected mixed
stands: n = 625; insecticide-protected mixed stands:
n = 595), with an average of 10.8 leaves per tree indi-
vidual. No significant differences in the number of ana-
lyzed leaves per tree were found among the individual
stand types (Kruskal–Wallis: H2,172 = 1.39, P [ 0.05).
Leaves were photographed with a digital camera (Pana-
sonic, Lumix DMC-LZ3) without removal from trees using
a standardized, established procedure (Mody and Lin-
senmair 2004). Leaves were spread out on a gray-colored
plastic board, covered with a hinged lid of transparent, non-
reflecting glass, and photographed from a fixed distance,
without flash and with a consistent resolution in the shade
of a tarpaulin. For high-throughput quantitative analysis of
leaf damage, digital photographs were analyzed using a
custom-built software tool (Plath et al. 2011b). Individual
leaf damage was calculated as the percent leaf area
removed from the total leaf area by herbivores, including
leaf fragments discolored due to herbivore feeding (for
details, see Plath et al. 2011b). Reassessment of leaf
damage in year 3 was conducted for 60 T. rosea individuals
(average tree height 339 ± 13 cm), selected by randomly
choosing six trees from each monoculture and unprotected
mixed stand per plot. From each selected tree, ten leaves
were haphazardly collected, and leaf damage was deter-
mined for the fourth leaflet of all mature leaves (five to ten
mature leaves, average 7.5 leaves per tree; damage to the
fourth leaflet was found to be representative for damage to
all five leaflets, J. Riedel unpublished data). Leaflets were
photographed with a digital camera (Canon Powershot
A630) as described above, with the exception that leaves
had been removed from the tree and photographing took
place in the laboratory. Digital photographs were analyzed
using the graphics package Adobe Photoshop (v.12.0.4).
Leaf damage was quantified by referring to the pixel
number of reference areas, which were photographed
together with the leaves. The missing parts of the leaflets
were accordingly determined, after outlining them in the
photograph. The percentage area removed by herbivores
was computed from missing and total leaf area. In both
year 1 and year 3, values of individual leaf damage were
averaged for every tree. Leaves that were completely eaten
or dropped after herbivore damage were not considered.
To estimate the contribution of key herbivore groups to
total leaf damage, each leaf was screened for prevailing
damage types, which were small-hole feeding by chry-
somelids (Fig. 1a) and large-scale skeletonization by
Fig. 1 Symptoms of damage by a the chrysomelid beetle Walteria-
nella inscripta and b the pyralid caterpillar Eulepte gastralis on
leaflets of Tabebuia rosea
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lepidopteran larvae (Fig. 1b), in year 1. The contribution of
each damage type to total damage was then assessed by
assigning the percent damaged leaf area that each type con-
tributed to total damaged leaf area to 1 of 7 categories: 0 = no
contribution, 1 = 1–20%, 2 = 21–40%, 3 = 41–60%,
4 = 61–80%, 5 = 81–99%, 6 = 100% contribution to total
damage. Damage that could not be assigned to either damage
type was considered as a third type of damage (i.e. ‘damage by
other herbivores’). The proportion of leaf damage attributed to
each damage type was averaged for each studied tree.
Data analysis
Herbivore damage was arcsin-transformed to account for
non-normal or heteroscedastic error terms in the analyses.
The number of individuals of each key herbivore was
calculated for each tree individual and survey event, using
the average insect number found in day and night samples
to consider possible double counts of less mobile herbi-
vores such as caterpillars. As a measure of tree infestation
by the key herbivores, herbivore density was assessed as
the total individual number per tree found in all surveys
until mid-December of year 1, divided by the respective
total leaf number at that time. Leaf counts considered
mature and fully expanded young leaves. Herbivore density
was log-transformed after adding 0.01 to each value to
retain zero counts in the analysis (Zuur et al. 2009).
The effects of planting schemes on herbivore damage
were assessed using linear mixed effect models with herbi-
vore damage and herbivore densities, respectively, as
response variables, planting schemes as fixed factors and plot
as a random factor, accounting for the nesting of planting
schemes within plots. The effect of planting schemes on
herbivore densities was tested in two stages. First, the effect
of insecticide application was analyzed by comparing
infested (density [ 0) and non-infested tree individuals
(density = 0) for the three planting schemes to consider the
zero-inflated count data within the insecticide-protected
mixed stands. Binomial data were analyzed in a generalized
linear mixed effect model using penalized quasi-likelihood.
Second, the effects of stand diversification (monocultures vs.
unprotected mixed stands) on herbivore density were sub-
sequently analyzed using a linear mixed effect model. To
evaluate the potential impact of tree architecture on herbi-
vore densities, tree height (measured at the end of the
growing season in December of year 1) was used as a
covariate. False discovery rate control was applied for
multiple tests following linear mixed effect models (Ve-
rhoeven et al. 2005). Pearson correlation analyses were
conducted to test the relationship between tree height and
herbivore densities of the identified key herbivores as well as
between herbivore densities and overall herbivore damage in
each planting scheme. The relationship between overall leaf
damage and key herbivore density was assessed by Spear-
man rank correlation analyses. Correlation analyses included
all trees that survived until the end of the study period in the
individual planting schemes (monocultures: n = 59;
unprotected mixed stands: n = 60; insecticide-protected
mixed stands: n = 59). The effect of tree mortality (i.e.
decreased tree density) on herbivore densities in the indi-
vidual planting schemes was tested with Pearson correla-
tions, relating the total number of living tree individuals (i.e.
T. rosea individuals in monocultures with n = 33–36, and
individuals of all three timber species in the unprotected
mixed stands with n = 22–32) to the respective mean her-
bivore densities for each planting scheme and plot at the end
of the growing season in December of year 1 (see Electronic
Supplementary Material 1). The effects of planting schemes
on the contribution of the key herbivores to total herbivore
damage were compared using Kruskal–Wallis tests followed
by Dunn’s post hoc tests.
Linear mixed effect models were performed using R
2.13.0 (2011; The R Foundation for Statistical Computing).
Non-parametric post hoc tests were computed with SsS
1.1a (1998; Rubisoftware, Eichenau, Germany). All
remaining statistical analyses were conducted with SPSS
19.0.0 for Mac OS X (2010; IBM SPSS Statistics, Chicago,
IL, USA). For clarity, all figures show untransformed data.
Results
Identification of key herbivores
We identified two key herbivores, which were numerically
dominant on T. rosea across the unprotected planting
schemes: the chrysomelid beetle Walterianella inscripta
Jacoby (n = 2,209 adult individuals; no larvae occurred on
the shoot system of T. rosea) and the pyralid caterpillar
Eulepte gastralis Guene´e (n = 2,036), representing 36.8%
of all beetles and 88.9% of all caterpillars observed during
all surveys on the three timber species. The total abun-
dances of W. inscripta and E. gastralis significantly dif-
fered between the timber species (W. inscripta: v2 (2) =
6,450.0, P \ 0.001; E. gastralis: v2 (2) = 6,090.0, P \
0.001), and specimens of both herbivore species were
almost exclusively found on T. rosea (W. inscripta
C 98.7%; E. gastralis C 99.9%). Both W. inscripta and
E. gastralis were classified as specialist herbivores of T.
rosea according to the given definition (see ‘‘Materials and
methods’’). All tested individuals of either herbivore
(W. inscripta: n = 15; E. gastralis: n = 14 per tree species)
that showed feeding activity (n = 13 for each species) fed
exclusively on T. rosea.
Across all individual stand types, total individual num-
bers of W. inscripta and E. gastralis exceeded individual
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numbers of the third most abundant herbivore species that
was found and confirmed to feed on T. rosea by factors of 8
and 9, respectively. This third-ranked species was another
chrysomelid of the genus Walterianella (n = 245). W. in-
scripta was the most abundant herbivore species in the
monocultures (n = 1,629), exhibiting three times higher
individual numbers than E. gastralis (n = 556), the second
most abundant herbivore in this planting scheme. In con-
trast, E. gastralis was the most abundant herbivore in the
unprotected mixed stands (n = 1,432), where W. inscripta
was the second most abundant herbivore (n = 473). In the
protected stands, both herbivores were rare (W. inscripta:
n = 107; E. gastralis: n = 48).
Both W. inscripta and E. gastralis showed a strong
temporal variation in abundance. Either species was rare at
the beginning of the rainy season (total n \ 10 individu-
als). Abundance of W. inscripta peaked in the middle of the
rainy season (September/October), and then gradually
decreased until complete disappearance in the dry season
(January). Abundance of E. gastralis peaked in October
and again in January of the following year. Subsequently,
E. gastralis was found in low numbers until the end of
the study period (see also Electronic Supplementary
Material 2).
Tree infestation
The number of tree individuals infested by W. inscripta or
E. gastralis was significantly different among planting
schemes (W. inscripta: F2,8 = 14.86, P = 0.002; E. gastralis:
F2,8 = 29.19, P \ 0.001) (see also Electronic Supplementary
Material 3). It was significantly lower in the insecticide-pro-
tected mixed stands (W. inscripta: n = 24; E. gastralis:
n = 4) than in the monocultures (W. inscripta: n = 55,
P = 0.001; E. gastralis: n = 48, P \ 0.001) and in the
unprotected mixed stands (W. inscripta: n = 48, P = 0.005;
E. gastralis: n = 55, P \ 0.001). The number of infested trees
was not different for monocultures and unprotected mixed
stands for either herbivore species (P [ 0.05).
Densities of W. inscripta and E. gastralis on T. rosea
were significantly different among monocultures and
unprotected mixed stands. For W. inscripta, density was
significantly higher in the monocultures than in the
unprotected mixed stands (F1,4 = 12.60, P = 0.024)
(Fig. 2a; see also Electronic Supplementary Material 4).
Tree height strongly influenced the densities of W. in-
scripta (F1,108 = 10.55, P = 0.002). Tree height was
positively correlated to the densities of W. inscripta in the
monocultures (R = 0.36, P = 0.005) and in the unpro-
tected mixed stands (R = 0.36, P = 0.005). In contrast,
density of E. gastralis was significantly higher in the
unprotected mixed stands than in the monocultures
(F1,4 = 8.49, P = 0.044) (Fig. 2b; see also Electronic
Supplementary Material 4). Tree height had no significant
influence on the density of E. gastralis (F1,108 = 0.06,
P = 0.809). Tree mortality showed no significant correla-
tion with the density of either herbivore in the monocul-
tures (W. inscripta: R = -0.422, P = 0.479; E. gastralis:
R = 0.242, P = 0.695) or in the unprotected mixed stands
(W. inscripta: R = -0.060, P = 0.924; E. gastralis:
R = 0.378, P = 0.530).
Leaf herbivory and contribution of herbivore species
to damage patterns
Leaf damage to T. rosea was significantly affected by
planting schemes in year 1 and year 3 (year 1: F2,8 = 61.38,
P \ 0.001; year 3: F1,4 = 9.27, P = 0.038) (Fig. 3). In year
1, damage was significantly higher in the unprotected mixed
stands than in the monocultures (P = 0.037). Damage was
lowest in the insecticide-protected mixed stands, which
differed significantly from the monocultures and from the
unprotected mixed stands (for both P \ 0.001) (Fig. 3a).
Similarly to year 1, leaf damage in year 3 was significantly
higher in the unprotected mixed stands than in the mono-
cultures (P = 0.038, see above) (Fig. 3b).
The prevailing damage types on T. rosea leaves, small-
hole feeding damage and large-scale skeletonization, were
assigned to W. inscripta and to E. gastralis, respectively, as
only very few individuals of comparable hole-feeders or
other potential skeletonizers were observed during the
whole study (see above: ‘‘Identification of key herbivores’’;
and M. Plath, personal observation). An analysis based on
this classification revealed that both herbivores signifi-
cantly contributed to herbivory, but to different extents in
the individual stand types. The contribution of W. inscripta
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Fig. 2 Densities (mean ± SE) of a Walterianella inscripta beetles
and b Eulepte gastralis caterpillars on the host tree Tabebuia rosea
growing in monocultures (MON), and in 3-species mixed stands
(MIX). Densities were calculated as total number of individuals per
leaf for either herbivore. Tree number per planting scheme:
MON = 59, MIX = 60. Linear mixed effect model, *P \ 0.05
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to overall leaf damage was significantly different between
the three planting schemes (H2,175 = 70.10, P \ 0.001). It
was significantly higher in the monocultures than in the
mixed stands (Q = 2.77, P \ 0.05) (Fig. 4a). In the
insecticide-protected mixed stands, leaf damage inflicted
by W. inscripta was significantly lower than in the mono-
cultures (Q = 8.23, P \ 0.05) and in the unprotected
mixed stands (Q = 5.36, P \ 0.05). Correspondingly,
overall leaf damage was positively correlated with the
density of W. inscripta in the monocultures (Rs = 0.30,
P = 0.024). No significant correlation was found in the
unprotected (Rs = 0.10, P = 0.450) and in the protected
mixed stands (Rs = -0.10, P = 0.461). The contribution
of E. gastralis to overall leaf damage also differed signif-
icantly between the three planting schemes (H2,175 =
78.94, P \ 0.001). In contrast to damage by W. inscripta, it
was significantly higher in the unprotected mixed stands
than in the monocultures (Q = 3.85, P \ 0.05) (Fig. 4b).
In the insecticide-protected mixed stands, leaf damage
inflicted by E. gastralis was significantly lower than in the
monocultures (Q = 5.02, P \ 0.05) and in the unprotected
mixed stands (Q = 8.85, P \ 0.05). Correspondingly,
overall leaf damage in the unprotected mixed stands was
positively correlated with the density of E. gastralis
(Rs = 0.41, P \ 0.001), whereas no such correlation was
found in the monocultures (Rs = 0.11, P = 0.410) and in
the protected mixed stands (Rs = 0.19, P = 0.161).
Discussion
Host tree association significantly affected herbivore dam-
age as well as the densities and impact of key herbivores on
the tropical timber tree T. rosea in an experimental plantation
setup on degraded pasture. Two findings shed new light on
ecological hypotheses. First, contrary to the ‘resource con-
centration hypothesis’, we found that certain specialist her-
bivores may respond positively to resource dilution and
accumulate on host trees growing in heterospecific stands
rather than in conspecific stands. Second, contrary to the
‘associational susceptibility hypothesis’, higher herbivore
damage to a focal host tree in heterospecific stands compared
to conspecific stands is not necessarily related to generalist
herbivores. In fact, it may substantially depend on a single or
few specialist herbivores.
The finding that overall herbivore damage was higher in
mixed stands than in monocultures indicates that T. rosea
did not benefit from associational resistance but rather
experienced associational susceptibility at higher tree
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diversity. This result contradicts reports from other sys-
tems, where a decrease in herbivory was noted with
increasing plant diversity both for herbs (Andow 1991;
Unsicker et al. 2006) and for trees (Jactel and Brockerhoff
2007; Kaitaniemi et al. 2007; Sobek et al. 2009). Many
studies attribute high herbivore damage in monocultures to
specialist herbivores and consider resource concentration
effects (Root 1973) as an explanation for the detected
herbivory patterns (see reviews of Andow 1991; Jactel
et al. 2005). The resource concentration hypothesis predicts
that specialist herbivores accumulate in large and dense
patches of host plants and that, in turn, damage by spe-
cialist herbivores decreases with increasing plant diversity.
However, a positive relationship between tree diversity
and herbivore damage as found in our study was also
reported in some recent studies on herbivore–tree interac-
tions (Vehvilainen et al. 2007; Schuldt et al. 2010). In these
studies, the positive relationship between tree diversity and
herbivore damage was assumed to reflect an increased
impact of generalist herbivores, which exceeds the impact
of specialist herbivores in monocultures as predicted by the
hypothesis of ‘associational susceptibility’ (White and
Whitham 2000; see also Jactel and Brockerhoff 2007).
Referring to these assumptions, and considering the her-
bivory patterns found in our study, the higher herbivore
damage in the (unprotected) mixed stands was expected to
reflect an increased impact of generalist herbivores,
counterbalancing the impact of specialist herbivores in the
monocultures.
Our results showed that herbivory in the monocultures
was mediated by the specialist chrysomelid beetle W. in-
scripta, confirming the expectation that monocultures are
favoring specialists. However, contrary to expectations,
herbivory in the unprotected mixed stands was not mainly
affected by generalist herbivores, but was predominantly
influenced by another specialist, the pyralid caterpillar
E. gastralis. Hence, higher tree diversity may not neces-
sarily reduce specialist infestation, but can even promote
host plant colonization and related damage by specialized
herbivores (Yamamura and Yano 1999; but see Sholes
2008; Otway et al. 2005). The strong contribution of
E. gastralis to overall damage in the mixed stands dem-
onstrates that associational susceptibility is not necessarily
related to higher abundances of generalist herbivores but
can substantially depend on one (or more) specialized
herbivores. Thus, the direction of associational effects is
strongly governed by the specific herbivore responsible for
the damage, as W. inscripta and E. gastralis differed cru-
cially in their species-specific responses to the spatial
arrangement of the focal host tree, leading to their opposite
impacts on T. rosea within the different stand types.
Density of W. inscripta on T. rosea, and accordingly the
contribution to leaf damage by the beetle, was highest in
the monocultures and it was relatively low at higher tree
diversity (i.e. in unprotected mixed stands), following the
predictions of the resource concentration hypothesis. The
close proximity of unrelated tree species to T. rosea in the
mixed stands may have influenced colonization of T. rosea
by W. inscripta by physically and/or chemically masking
the focal host species (Agrawal et al. 2006; Barbosa et al.
2009). In contrast to mixed stands, the accumulation of
T. rosea in monocultures provides not only a higher
resource quantity but may also enhance the beetle’s
opportunity to switch between host tree individuals to
attain higher quality food by ‘intraspecific dietary mixing’
(Mody et al. 2007). These factors likely led to a reduced
emigration rate and, consequently, to an aggregated her-
bivore distribution within the monoculture stands. A pref-
erence of W. inscripta for taller tree individuals was
indicated by the positive correlation between tree height
and beetle density. Faster growing tree individuals may
invest more resources into growth and may hence be less
defended than slower growing conspecifics (Herms and
Mattson 1992; Dobbertin 2005). The highly mobile W.
inscripta may actively choose and aggregate on such less
defended individuals. However, the factors decisively
determining host tree choice need further investigation as
information on the biology of W. inscripta is so far lacking.
In fact, the present study appears to be the first that iden-
tifies W. inscripta as a key herbivore on T. rosea in tropical
afforestation systems.
In contrast to W. inscripta, density and impact of
E. gastralis on T. rosea was positively related to tree diver-
sity. This finding contradicts the resource concentration
hypothesis, and indicates that tree diversity affected the
distribution patterns of E. gastralis via a resource dilution
effect (Yamamura 2002; Otway et al. 2005). As E. gastralis
caterpillars complete development on the same tree indi-
vidual on which oviposition occurs (Herna´ndez and Bricen˜o
1999), their distribution on host tree individuals is expected
to strongly depend on the host location and oviposition
behavior of the adult female moth (Root and Kareiva 1984;
Stoeckli et al. 2008). Our results suggest that ovipositing
females of E. gastralis prefer tree individuals growing in
heterospecific stands, irrespective of their height. Previous
studies on other lepidopteran species suggest that such
selective behavior may enhance the probability for suc-
cessful development and survival of the offspring (Hern et al.
1996; Doak et al. 2006; Bonebrake et al. 2010). By selecting
host trees in the mixed stands, and therefore more isolated
hosts compared to the monocultures, the female E. gastralis
moth may search for ‘competitor-free space’, thereby
accessing resources for their offspring that are less exploited
by other herbivores such as W. inscripta (Root and Kareiva
1984; see also Fisher et al. 2000; Tack et al. 2009 for intra-
guild competition for resources).
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Avoidance of oviposition in monocultures by E. gas-
tralis moths may also represent a search for ‘enemy-free
space’ (Po¨ykko¨ 2011 and references therein), as a more
complex vegetation and larger distances between host tree
individuals can impede host localization by key enemies of
a focal herbivore (Gols and Harvey 2009; Randlkofer et al.
2010; Mody et al. 2011). As herbivore egg numbers or
effects of antagonists on immature stages were not quan-
tified in our study, we cannot exclude the possibility that
the lower density of E. gastralis caterpillars observed in
monocultures may also be related to higher rates of pre-
dation or parasitism in this stand type (Gingras et al. 2003;
Randlkofer et al. 2010). The potential of natural enemies to
reduce E. gastralis populations is indicated by a study from
a Venezuelan forest reserve, which states that the abun-
dance of this important herbivore of T. rosea is generally
kept at low levels by parasitoids and predators (Herna´ndez
and Bricen˜o 1998; Herna´ndez and Bricen˜o 1999).
The finding that generalist herbivores were not abundant
in the mixed stands was surprising, particularly when
considering coleopterans. A comprehensive study by
Novotny et al. (2010) on host specialization of tropical
forest insect herbivores revealed that the dominating adult
leaf chewers (such as beetles) on a specific plant species
are generalists, whereas larval leaf chewers were rather
found to be specialists. However, tree diversity and struc-
tural heterogeneity in our plantation were low compared to
natural forests, possibly leading to low numbers of gener-
alist herbivores. This explanation is supported, for exam-
ple, by observations from a subtropical forest in China,
indicating that increased plant diversity is related to
increased herbivory by polyphagous herbivores (Schuldt
et al. 2010).
Levels of herbivore leaf damage in unprotected mixed
stands in our study amounted to 22 and 15% at 1 and 3 years
after establishment, respectively. These values are high
compared to available data from various tree species in
natural tropical ecosystems and also compared to previous
results from T. rosea in plantations. They indicate that
T. rosea may experience comparably high insect damage
when growing in tree plantations, at least when associated
with the ‘‘wrong’’ neighbors (Barbosa et al. 2009). Leaf
damage in tropical forests ranged from 11% for shade tol-
erant to 14% for tropical dry forest trees in a meta-study
comprising many different tree species (Coley and Barone
1996), and in savannas from 15 to nearly 0% across 25
adult-size tree species in Brazil (Marquis et al. 2001) and
from 9 to 3% across 9 tree species from the sapling-stage
size class in Ivory Coast (Unsicker and Mody 2005). Pre-
vious studies reporting herbivore damage specifically for
T. rosea grown in Panamanian plantations may have
underestimated herbivory, with 3% leaf damage in 1-year-
old monocultures (Paul et al. 2011) and 9% in unprotected
2-year-old mixed stands (Plath et al. 2011b). Both studies
quantified damage earlier in the season than the current
study, which is the first to assess the key herbivores and
their temporal abundance patterns (see Electronic Supple-
mentary Material 2 for temporal abundance patterns). In
fact, both key herbivores reach their maximum abundance
in the late rainy season, rendering their full contribution to
damage only observable at this later point in time.
From an applied point of view, our results emphasize
that consideration of key herbivores and of their species-
specific responses to management strategies may crucially
enhance the establishment of new tree plantations. Com-
pared to monocultures, mixed stands are regarded as a
strategy to reduce negative impacts of insect herbivores in
plantation forestry (Wagner et al. 1996; Montagnini and
Jordan 2005; Kelty 2006). Our results, however, indicate
that this assumption is not unequivocally true. The con-
trasting responses of the two key herbivores to individual
stand types point to a possible trade-off even when spe-
cialist herbivores dominate, as each unprotected stand type
favored another key herbivore. The low infestation and
reduced damage of T. rosea in the insecticide-protected
mixed stands suggest that the application of insecticides
may represent a possible measure supporting the estab-
lishment of high-value timber species. This assumption is
supported by findings from a study in the same experi-
mental plots (Plath et al. 2011b) revealing that growth of
T. rosea saplings was significantly higher in the insecti-
cide-protected stands than in the unprotected monocultures
and mixed stands. However, successful tree protection by
insecticides often depends on the herbivore species (e.g.,
Newton et al. 1993 and Wylie 2001 for chemical control of
the pyralid moth Hypsipyla spp.), and on specific small-
scale environmental conditions (Plath et al. 2011b).
Moreover, application of insecticides can have detrimental
effects on natural enemies of herbivores (Pedigo and Rice
2009). Thus, insecticides cannot be regarded as a miracle
cure solving all herbivore-related obstacles in tropical
plantation establishment.
Conclusions
Our results reveal that stand diversification can lead to
opposite responses of key herbivores of tropical tree
plantations. By considering the individual key herbivore
species, we were able to explain the seemingly contradic-
tory coexistence of associational resistance and of associ-
ational susceptibility to specialist herbivores. Because tree
diversity is regarded as an important tool for sustainable
pest management in tree plantations, it is important to
explicitly consider the dominant herbivore species as well
as their biology and responses to the spatial arrangement of
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host and non-host trees during the plantation establishment
process. Considering species-specific herbivore traits can
enhance our understanding of so far neglected associational
effects (i.e. associational susceptibility mediated by spe-
cialist herbivores), and may help to disentangle the causes
of insect outbreaks, to develop sustainable forest manage-
ment strategies, and to improve the delivery of forest
ecosystem services.
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